T
he hair cycle consists of three phases: growth (anagen), involution (catagen), and quiescence (telogen) phases. Although the mechanisms underlying hair cycling have not been fully elucidated, the core of the process is interactions between the mesenchymal and epithelial cell populations within the hair follicle unit (1) . The most obvious force in the cycle is the follicular mesenchyme, in particular the dermal papilla. Factors from the papillary mesenchyme act as inductive signals for cycling of the follicular epithelium (2) . It has been inferred that epithelial stem cells, which reside in the bulge area of the hair follicles, can respond to the inductive signal from the dermal papilla (3) . This activation leads to proliferation of stem cells in the bulge area, and then the stem cell progeny forms a downgrowth into the deep dermis, followed by differentiative growth of matrix cells and generation of the complex follicular product, the shaft, and its housing sheath. Several growth factor families appear to play pivotal roles in follicle growth (2, 4, 5) , namely fibroblast growth factor, epidermal growth factor (EGF), hepatocyte growth factor (HGF), insulin-like growth factor (IGF)-I, and transforming growth factor-␤ families, among others. The role of each growth factor, as well as signals downstream of it, in follicle growth has been determined in part by investigating transgenic or gene knockout mice (4, 6-10).
Signal transducer and activator of transcription 3 (Stat3) is activated by various growth factors and cytokines, including IL-6 family cytokines, EGF, HGF, platelet-derived growth factor, Granulocyte-colony stimulating factor (GCSF), and other factors (11, 12) . To investigate the role of Stat3 in the skin, we previously established keratinocyte-specific Stat3 gene-disrupted mice by using the Cre-loxP system (10) . The mutant mice whose Stat3 gene was disrupted under the control of the keratin 5 promoter were defective in Stat3 activation of both epidermal and follicular keratinocytes. Interestingly, the failure of Stat3 activation resulted in retardation of wound healing and a lack of second anagen progression, despite normal development in morphogenesis of the epidermis and hair follicles. Growth factor-dependent in vitro migration was compromised in primary cultured keratinocytes of mutant mice, indicating that Stat3 plays a crucial role in transducing a signal required for migration. Therefore, we suggested that the impairment of wound healing and of the hair cycle was because of compromised migration of Stat3-disrupted keratinocytes, which otherwise could migrate in response to the growth factors derived from the wound-associated mesenchyme or dermal papilla, respectively. Stat3-disrupted mice appeared to be normal in hair follicle development, suggesting that Stat3 is dispensable for the morphogenesis of hair follicles. On the other hand, the induction of the second anagen depends strictly on Stat3.
To determine whether Stat3 is required for anagen induction in response to exogenous stimuli, we examined the effect of phorbol 12-myristate 13-acetate (PMA) in vivo and hair plucking, well known experimental anagen initiators (13) . We found that PMA treatment or hair plucking activated the telogen follicles to initiate a new anagen in Stat3-disrupted as well as wild-type mice. Further analysis of in vitro migration revealed that there are at least two distinct signaling pathways underlying anagen induction: Stat3-dependent and -independent pathways.
Materials and Methods
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for further analyses. Allele-specific PCR was carried out to determine the genotypes of the mice, and the expression of a . Because Stat3-heterozygous mice are devoid of any alterations, therefore, they were used as controls in some experiments. Care of mice was in accordance with our institutional guidelines.
BrdUrd Pulsing. Mice were given four rounds of BrdUrd (Nacalai Tesque, Kyoto, 0.25 mg in 0.2 ml saline͞head) by i.p. injection every 12 h (1.0 mg͞head in total) on postnatal day (PND) 10 and 11. Saline was used as the control.
Preparation and in Vitro Culture of Keratinocytes. Full-thickness skin taken from newborn to 5-day-old mice was treated with 250 units͞ml of dispase (Godo Shusei, Tokyo) overnight at 4°C, and the epidermis was peeled off from the dermis and trypsinized to prepare single cells. They were suspended in MCDB153 medium (Kyokuto Pharmaceutical, Tokyo) supplemented with 0.1 mM monoethanolamine͞0.1 mM phosphoryl ethanolamine͞0.5 M hydrocortisone͞60 g/ml kanamycin monosulfate at 37°C under an atmosphere of 5% CO 2 ͞95% air. After being cultured in dishes precoated with collagen type I (Iwaki Glass, Tokyo) for 5 h until cells were attached and spread, unattached cells were then removed by washing with PBS, and the attached cells were cultured in MCDB medium supplemented as described for 2 to 3 days.
In Vitro Migration Assay. Keratinocytes cultured to confluency were treated with 10 g͞ml mitomycin C for 2 h to prevent subsequent proliferation of the cells and then studied by using an in vitro wound closure assay. A cell-free area was introduced by scraping the monolayer with a plastic pipette tip. Cell migration to the cell-free area during the next 24 to 48 h was evaluated in the absence or presence of 30 ng͞ml epidermal growth factor (Upstate Biotechnology, Lake Placid, NY), 30 ng͞ml HGF (Collaborative Biomedical Products, Bedford, MA), 30 ng͞ml IGF-I (Austral Biological), 5 g͞ml insulin (Sigma), and͞or 30 ng͞ml PMA (Sigma). Photographs were taken by using a phase-contrast microscope (DIA-PHOT 300; Nikon). The number of migrating keratinocytes was counted after taking photographs of four nonoverlapping fields. Values represent the mean numbers Ϯ SEM of migrating cells per square millimeters beyond the frontlines of the introduced wound edge. In some experiments, keratinocytes were pretreated with a PI3K inhibitor, wortmannin (Nacalai Tesque) or a protein kinase C (PKC) inhibitor, GF109203X (Tocris Cookson, Bristol, UK) at the indicated concentrations for 30 or 45 min, respectively, before stimulation with growth factors. Subsequently, they were cultured for 24-48 h in the presence of inhibitors.
Western Blot Analysis. Keratinocytes were stimulated for 20 min with 50 ng͞ml HGFs or 25 g͞ml insulin, then lysed directly with 2ϫ sample buffer (4% SDS͞20% glycerol͞12.5 mM Tris (pH 6.8)͞0.004% bromophenol blue͞10% 2-mercaptoethanol). The lysates were resolved by SDS͞PAGE, transferred to a nitrocellulose membrane, and blotted with anti-Akt (1:1,000, New England Biolabs), or antiphospho-Akt (1:1000, Ser-473; New England Biolabs). After treatment with horseradish peroxidase-conjugated anti-rabbit Ig (Amersham Pharmacia), bands were visualized with an enhanced chemiluminescence system (Amersham Pharmacia).
Statistical Analysis. Data were expressed as the mean Ϯ SEM for cell migration. Student's t test was used to test for differences between the study groups; P Ͻ 0.05 was considered significant.
Results

Stat3 Ablation in Keratinocytes Results in Impairment of the Second
Anagen Entry and Subsequent Hair Growth. In mice, the first and second hair cycles are highly synchronized (13) . Follicular morphogenesis in the first 16 days of postnatal life is followed by a short catagen͞telogen period lasting 3-4 days. The following anagen phase begins around PND 21-22 and lasts about 9 days (Fig. 1A Upper) . Meanwhile, it was shown that keratinocytespecific Stat3-disrupted mice were arrested in the first telogen phase ( Fig. 1 A Lower), as previously described (10) . To verify the impairment of hair growth in the second anagen, we shed the first anagen-derived hair by pulsing with BrdUrd. BrdUrd is an analogue of thymidine and is incorporated in cells synthesizing DNA, so it is widely used to detect proliferating cells with anti-BrdUrd antibody (14) . However, treatment with an excessive dose of BrdUrd leads to cell damage, especially in highly proliferative cells. Here we treated mice with BrdUrd at doses about 10 times higher than routinely used for labeling in vivo (14) . When BrdUrd was used for pulsed labeling on PND 10-11, which is around the late anagen of the first hair cycle, it was rapidly incorporated in the highly proliferative cells in the bulb, i.e., hair matrix cells (data not shown). This resulted in the shedding of hair, probably because of cytotoxic effects of BrdUrd on matrix cells, the ''rapid labeling cells'' (3). Mice shed their hair about 5 days after the injection and suffered alopecia regardless of their genotypes (Fig. 1B) . Stem cells in the bulge region, however, escaped from the cytotoxicity of BrdUrd because they are ''slow labeling cells'' (3) and were later responsive to the signals from the dermal papilla for initiation of the second anagen. In fact, the regrowth of hair was demonstrated when the second anagen began in the control mice (Fig. 1C) . Histological examination revealed synchronized growing anagen follicles of the second hair cycle (Fig. 1D Upper) . In contrast, Stat3-disrupted mice remained alopecic (Fig. 1C) and harbored telogen follicles (Fig. 1D Lower) . These results well verified that Stat3-disrupted mice were impaired in the second anagen progression of hair cycle. It should be noted that Stat3-disrupted mice at this time showed a histological phenotype including hyperplasia of epidermis, with a marked cellularity and fibrosis in the dermis. None of these features were present in the wild-type mice ( Fig. 1 A and D) . Further investigation will be required to elucidate the mechanistic relation between these changes and the absence of Stat3 in keratinocytes.
Activation of the Hair Follicles in Stat3-Disrupted Mice by Hair
Plucking. Follicles enter the second telogen phase around PND 30 and then remain in this resting phase for at least 40 days. Taking advantage of this long telogen period, ''the third anagen'' was experimentally induced (13) . Plucking of the telogen hair in this phase is a well-established method for induction of new hair formation. We found that around 10 days after plucking hairs from the back of mice, new hair fibers emerged from the skin surface in Stat3-disrupted as well as wild-type mice, and morphologically normal anagen follicles were formed (Fig. 2) with no difference between the two types of mice. This result implied that the plucking-induced anagen occurred independently of Stat3.
Activation of the Hair Follicles by Topical Application of PMA in
Stat3-Disrupted Mice. Percutanous treatment with PMA is another well-known method of activating hair follicles in telogen phase to commence anagen (13) . At PND 38, the hair was shaved, and PMA was applied onto the back skin five times in the first week and then twice weekly. After almost 2 weeks of treatment with PMA, new hair regrew from the skin surface of both types of mice, appearing in islands or patches (Fig. 3B,  arrows) . This pattern is characteristic of the third hair cycle, in which hair growth distributes somewhat randomly over the body, less synchronized than the first and second hair cycles (13) . There was no difference in the histological appearance between the mutant and wild-type mice (Fig. 3A) . Taken collectively, these findings show that follicle growth occurs in response to either mechanical or chemical stimuli whose downstream signals bypass the Stat3-dependent pathway, whereas the spontaneously occurring second anagen is strictly Stat3 dependent (Fig. 1 A) .
PMA-Stimulated Migration of Stat3-Disrupted Keratinocytes.
We previously demonstrated that Stat3-disrupted keratinocytes were impaired in in vitro migration in response to growth factors such as EGF, HGF, and IL-6, all of which activate Stat3 (10). Follicular keratinocytes including bulge stem cell progeny migrate downward during anagen. We previously suggested that this is why the failure of keratinocyte migration in Stat3-disrupted mice resulted not only in retardation of wound healing but also in impairment of the hair cycle. As we have previously reported (10), wild-type keratinocytes exhibited strong migration in response to EGF or HGF (Fig. 4A  Top) , both of which inherently activate Stat3, whereas Stat3-disrupted keratinocytes did not respond to them (Fig. 4A, third  row) . This result implied that EGF and HGF are ligands of Stat3-dependent signaling for keratinocytes to migrate. Although PMA per se did not stimulate migration of the wild-type keratinocytes, it promoted appreciable migration when insulin or IGF-I was also present (Fig. 4A, second row) . Neither insulin nor IGF-I alone stimulated migration (Fig. 4A Top) . The synergistic effect of PMA and insulin or IGF-I was also seen in Stat3-disrupted keratinocytes (Fig. 4A Bottom) , suggesting that this coordinated signaling for cell migration was independent of Stat3. Interestingly, EGF and HGF, the ligands of Stat3-dependent signaling, promoted the migration of Stat3-disrupted keratinocytes to some degree when PMA was added simultaneously (Fig. 4A Bottom) . One hypothesis is that PKC acts downstream of the Stat3-signaling pathway, which could be bypassed by treatment with PMA, and therefore Stat3-disrupted cells could migrate in response to synergistic stimulation with PMA and growth factors. To clarify this, we treated wild-type cells with GF109203X, a specific PKC inhibitor. As shown in Fig.  4B , cell migration induced by insulin plus PMA was completely abolished by GF109203X, whereas EGF-or HGF-induced migration was insensitive to this inhibitor. This finding clearly indicated that Stat3-dependent migration was independent of PKC activation. These results further reveal the existence of an alternative signaling pathway that does not involve Stat3 and requires PKC activation for keratinocyte migration. Although PMA plus insulin-induced migration of wild-type keratinocytes was completely canceled by GF109203X (5 M), a specific PKC inhibitor, Stat3-dependent (EGF-or HGF-induced) migration was insensitive to this inhibitor, indicating that Stat3 signaling is independent of PKC activation. Black bars, hatched bars, untreated and GF109203X-treated, respectively. Significantly different from inhibitor-free control ( ** , P Ͻ 0.01) according to Student's t test. NS, not significantly different from inhibitor-free controls.
Involvement of PI3K Activation in Keratinocyte Migration. Activation of PI3K leads to a variety of cellular events, including cell proliferation, antiapoptosis, and migration (15) . The involvement of PI3K in keratinocyte migration was tested by inclusion of wortmannin, a PI3K inhibitor. Migration in response to synergistic stimulation with insulin and PMA of either Stat3-wild-type or -mutant keratinocytes was attenuated by treatment with wortmannin in a dose-dependent manner (Fig. 5A) , indicative of the involvement of the PI3K pathway in Stat3-independent migration. In addition, EGF-and HGF-induced migration of wild-type keratinocytes was also impaired by wortmannin (Fig. 5B) , suggesting that PI3K activation is also required for Stat3-dependent migration. The synergistic effect of PMA and EGF or HGF on the migration of Stat3-disrupted keratinocytes was also abrogated by wortmannin (data not shown). Taken together, these results suggest that both Stat3-dependent and -independent signaling pathways for migration require PI3K activation.
Impairment of migration of the Stat3-disrupted cells in the presence of EGF͞HGF might be because of their inability to activate PI3K. To examine whether Stat3 disruption may influence the PI3K pathway, we assessed the phosphorylation of Akt, a downstream target of PI3K (16) . Western blot analysis by using lysates from Stat3-disrupted keratinocytes revealed that the treatment with HGF, EGF (data not shown), as well as insulin or IGF-I (data not shown), resulted in phosphorylation of Akt, which was comparable to those from the wild-type cells (Fig.  5C ). Phosphorylation of Akt did not occur in response to PMA alone (data not shown). These findings indicated that (i) EGF͞ HGF per se did not promote migration of Stat3-disrupted cells irrespective of their impairment of PI3K activation, and (ii) HGF, EGF, insulin, or IGF-I caused PI3K activation in Stat3-disrupted cells, and they need simultaneous PKC activation to migrate (Figs. 4 and 5) . Thus, induction of anagen in Stat3-disrupted mice by topical PMA application appeared to be consistent with the results of the in vitro migration assay.
Discussion
The anagen phase, a process of follicle downgrowth, is regulated by mesenchymal signals (1, 4, 17) , which are intrinsically derived from dermal papilla. Analyses of the skin phenotypes of a considerable number of transgenic or gene knockout mice have shed light on the mesenchymal (dermal papilla) and epithelial (keratinocyte) interactions involved in the morphogenesis of hair follicles in the fetus (18) (19) (20) . However, the mechanisms underlying the biological switch in postnatal follicles occurring between telogen and anagen have remained unclear, although it has been believed that the postnatal anagen progression is analogous to the embryonic folliculogenesis (17) . We previously reported that Stat3 activation of keratinocytes is indispensable for the progression of the second hair cycle onwards (Fig. 1) , which represents one of the remodeling events of the skin, although Stat3 is dispensable for the morphogenesis of follicles (10) . Stat3-independent processes should, therefore, be involved in the formation of epidermis and follicles during morphogenesis. Novel technology used in temporal and spatial gene disruption, such as the tamoxifen application-Cre ER tam system (21), will serve as a powerful tool for determination of the specific window of Stat3 dependency for the hair cycle. During late telogen, a slow-cycling stem cell of the bulge area is activated and divides to generate progenitor cells by dermal papilla cells through growth factors in a paracrine fashion (2, 4) . Progenitor cells become transient amplifying cells that undergo continuous proliferation and migrate downwards to form matrix cells. Therefore, we assessed the migration activity of keratinocytes in vitro to evaluate their anagen potential. The growth factors involved in the onset of the second anagen should be activators of Stat3. The most likely candidate for such factors is HGF, because HGF is found in the dermal papilla fibroblasts and its receptor Met, in the neighboring keratinocytes (22) . A highly critical fact is that expression of both HGF and Met peaks during the initial phase of the second anagen (22) . By contrast, during the early stages of folliculogenesis, dermal papilla fibroblasts in close vicinity to the proximal hair peg showed no HGF signal (22) . This finding appears consistent with the finding that Stat3 is dispensable for the first hair cycle, which in turn requires Stat3-independent signaling for downward migration of keratinocytes.
In the present study, we found that PMA treatment in vivo promoted anagen progression in Stat3-disrupted mice as well as wild-type controls (Fig. 3) , implying that their bulge stem cells and successive transient amplifying cells were activated by the stimuli to migrate in the absence of Stat3 activation. This finding appeared to be consistent with the results that Stat3-disrupted keratinocytes migrated in vitro in response to the combinational stimuli of PMA and growth factors that elicit PI3K activation (Fig. 5C ). Inhibition assay by using GF109203X revealed that there is no crosstalk between Stat3-and PKC-dependent signaling pathways regarding cell migration (Fig. 4B) . EGF promoted in vitro migration of wild-type, but not Stat3-disrupted, cells (Fig. 4 A) , indicating that Stat3 is a prerequisite for EGF-induced migration (10) . It has been reported that EGF receptor activation leads directly to the activation of PKC via phospholipase C-␥ (23). However, PKC activation by EGF stimulation was not required for EGFinduced migration, which was resistant to GF109203X, whereas this inhibitor completely abrogated PKC-dependent migration (by stimulation with PMA plus insulin) (Fig. 4B) . Seemingly, PKC activation is dispensable for migration when Stat3 signaling is intact. It is not known which isotype of PKC is involved in the PKC-dependent migration, because GF109203X at the concentration used in the present study (5 M) attenuates the PKC activation of various subfamilies found in keratinocytes (24, 25) . Activation of PKC has been reported to play an important role in keratinocyte migration through enhancement of the specific integrin-mediated mo- tility (26) , microfilament organization (27) , or up-regulation of proteinases such as metalloproteinases (28) and urokinase (29) . Requirement of PI3K activation for the Stat3-independent PKC-dependent signaling pathway toward migration was clearly demonstrated by in vitro studies by using wortmannin, a specific inhibitor of PI3K (Fig. 5A) . Percutaneous treatment with PMA could stimulate skin components other than keratinocytes, including dermal papilla fibroblasts, vascular endothelial cells, and leukocytes. It is possible, therefore, that PMA directly activates some of these components to produce diffusible growth factors and͞or cytokines, which could lead to simultaneous PI3K activation in keratinocytes. PI3K regulates a vast array of fundamental cellular responses, including proliferation, transformation, antiapoptosis, and migration (30) . More recently, it has been clearly shown that PI3K-␥ activation stimulated with chemotactic factors through G protein-coupled receptor was involved in leukocyte migration by using PI3K-␥ knockout mice (31) . Wortmannin inhibited wild-type keratinocyte migration in response to stimuli of HGF or EGF alone (Fig. 5B) . These results are consistent with the recent reports that PI3K activation is required for cell migration mediated by HGF (32) or EGF (33) . Taken collectively, the present study clearly shows that both Stat3-dependent and -independent pathways require PI3K activation for keratinocyte migration. In further support of these findings, Akt, a direct target of PI3K (16) , was activated by HGF ( Fig. 5C ) and EGF (data not shown) not only in the wild-type and but also in Stat3-disrupted keratinocytes. Possible signaling pathways for keratinocyte migration are depicted in Fig. 6 . Although we have shown the involvement of PI3K activation in keratinocyte migration via either pathway, it is still unclear whether PI3K activation resides at the very downstream of pathways toward migration.
Despite plucking-induced anagen having been used as a model for the hair cycle (13), the molecular mechanisms underlying this induction have remained largely unknown. The present study has shown that plucking-induced hair cycling is quite different from spontaneous hair cycling in its requirement for Stat3 (Fig. 2) . Because basal keratinocytes of the bulge are quite resistant to physical removal and tend to remain behind after hair plucking (3), the bulge stem may respond to this ''emergency microenvironment,'' resulting in the regeneration of hair. It is possible that the plucking-induced milieu stimulates the bulge stem, and that PKC activation may be involved in this process. One attractive idea is that the Stat3-dependent pathway is required for spontaneous remodeling progression of anagen, whereas artificially induced or physical perturbation of the follicles induces an alternative Stat3-independent pathway for hair regrowth.
